Soil water storage of Central Amazonian soil profiles in upland forest plots subjected to selective logging (in average, 8 trees or 34, 3 m 3 of timber per hectare were removed) was measured in four layers, down to a depth of 70 cm. The study lasted 27-months and was divided in two phases: measurements were carried out nearly every week during the first 15 months; in the following year, five intensive periods of measurements were performed. Five damage levels were compared: (a) control (undisturbed forest plot); (b) centre of the clearing/ gap; (c) edge of the gap; (d) edge of the remaining forest; and (e) remaining forest. The lowest values for water storage were found in the control (296 ± 19.1 mm), while the highest were observed (333 ± 25.8 mm) in the centre of the gap, during the dry period. In the older gaps (7.5-8.5 year old), soil water storage was similar to the remaining and the control forest, indicating a recovery of hydric soil properties to nearly the levels prior to selective logging. Index terms: selective logging, soil water storage, upland rain forest, Central Amazonia.
INTRODUCTION
In the Amazon uplands (about 90 % of the total area), the farming potential is low due to the low natural fertility of most soils and the lack of appropriate land management in the region. On the other hand, the logging potential is high, but, again, the lack of information about adequate forest management practices limits the expansion of this activity in the Amazonian uplands. Among other factors, the sustainability of the forest management depends on the regeneration rate of the forest after logging, which is influenced by the availability of nutrients. In turn, this is highly influenced by the hydrologic cycle, which regulates both the nutrient as well as the water transfer processes in the soilplant-atmosphere system.
Soil is an open and porous system, which allows the flow of matter and energy. Even a soil covered with dense vegetation has a high water input by the effective precipitation, which is the amount of rain which reaches the soil after percolating the foliage. In the area of the present study, effective precipitation ranged from 74.2 to 87.1 % (Ferreira, 1999) . The output occurs by evaporation, by which water is depleted by roots, run-off and drainage. In the Yellow Latosols, which predominate in the upland forests of central Amazonia, the ion exchange capacity in the upper horizons is significantly dominated by the soil organic matter, which can be responsible for up to 82 % of the total cation exchange capacity of the soil (Vieira & Santos, 1987) . These soils are characterised by their easy flow of water within the profile. Despite their high clay content, often with values above 80 %, Yellow Latosols under forest show a high hydraulic conductivity of the saturated soil (Ko). One of the characteristics of these soils is the microaggregation of particles, which makes them behave like sandy soils, mainly regarding their high conductivity. Over 50 % of the aggregates are in classes above 2 mm (Mello, 1994) . Soil bulk density values in the region near Manaus are lower in the upper layers (below 1 kg dm -3 ), and increase with depth (Nortcliff & Dias, 1988; Ferreira et al., 2002) . In an area close to the studied one, bulk density values for a Yellow Latosol were: 0.9 kg dm -3 in the A1 horizon (0-8 cm), 1.1 kg dm -3 in A3 (8-33 cm), and 1.2 kg dm -3 in B2 (33-70 cm) (Corrêa, 1984) .
The water retention curves obtained by and Corrêa (1984) in the region of Manaus indicated that upper soil layers show a different behaviour in relation to the deeper layers and tend to supply more water when submitted to a matric potential around -100 kPa. Deeper soil layers do not show the same pattern, but a lower water availability for plants. Possibly, the amount of organic matter, the lower bulk density and the lower amount of clay in the upper layers are responsible for this behaviour. Corrêa (1984) also observed that these curves tend to be horizontal in Yellow Latosol with a matric potential below -200 kPa. Ferreira et al. (2002) observed the same behaviour, and pointed out the low availability of water for the plants (around 11 to 18 %, in the range of -10 and -1,500 kPa of matric potentials) and a high water retention below the matric potential -1,500 kPa.
In the Amazon region, about 50 % of the water that evaporates to the atmosphere returns as rain (Salati et al., 1979) . Thus, deforestation can lower the water transfer to the atmosphere, which might cause the decrease of rains. In the study area, the water budget of nearby forests (Leopoldo et al., 1993) assessed in lysimeters filled with Yellow Latosol showed that 41.8 % of the rain water was lost due to evaporation of the total rainfall, and around 26.4 % from lysimeters filled with quartzose sand; the evapotranspiration from the forest canopy was estimated at 67.9 %, with an average daily rate of 4.05 mm day -1 . More recent studies estimated an average evapotranspiration potential in a range of 4.0-4.5 mm day -1 , with clear seasonal variations for the two regional climatic periods: wet and dry season (Fisch et al., 1998) .
In forests on Yellow Latosol, the role of roots is very important for water dynamics. In the upper 40 cm of soil, frequent rains and biological activity permit favourable conditions for the water and nutrient absorption by the root system; however, the lack of rain for over a week depletes the available water reserve for plants (Chauvel et al., 1992) . A comparative study of a 2 m deep profile for water storage in forest and pastureland soils showed no differences in the 0-1 m layer, neither in the dry nor the wet periods (Hodnett et al., 1995) . However, differences were observed in the 1-2 m layer: during the dry period, water loss in the forest was 43 mm, but only 13 mm for the pasture. This indicates that, during the dry period, the forest takes up water from deeper soil layers. Thus, when evaluating anthropic impact effects on the forest, it is necessary to take into consideration, longer observation periods which cover the seasonal effects on the processes and the dynamics of water storage in the soil.
The objective of the present study was to measure changes in the storage of water in the soil, during a totally period of 27 months, in an upland forest submitted to selective logging in the Central Amazonia, comparing soils under different impact classes, and different ages of selective logging.
MATERIAL AND METHODS
The experiment was carried out at INPA´s Experimental Tropical Forestry Station, about 80 km north of Manaus, in forest management plots located between kilometres 21 and 24 on the left side of the secondary road ZF-2 (between coordinates 02 o 37' and 02 o 38 ' S/60 º09 ' and 60 o 11 ' W). In this area, INPA runs 4-hectare experimental plots which were subjected to selective logging in July 1987 (M87) and September 1993 (M93). Each time, six to ten trees (diameter at breast height above 50 cm) per hectare were removed (in average 8 trees or 34.3 m 3 of timber). This represented the removal of approximately 50 % of the basal area of all trees with a potential commercial value called "Listed Species" (Higuchi et al., 1991) . The trees were cut with a chain saw and removed with a Caterpillar D6 bulldozer, which left a gap and tractor track sites on the plots, besides the remaining forest. The experimental layout consisted of three blocks (I, II and IV), in which six 4 ha plots were randomly allocated (plots 1 to 6). An assessment of the damage produced by the selective logging of 34 m 3 ha -1 of timber in the study plots revealed a dramatic change in the forest structure: 25 % of the area was severely affected by the formation of gaps and tractor tracks; 50 % was moderately affected; and only about 25 % remained intact (Biot et al., 1997) .
The soil in the area of the present study is a clayey Yellow Latosol, has a high clay content (> 75 %), and is similar to the soils described by Chauvel (1982) and Corrêa (1984) in nearby areas. It was developed on uplands of a Tertiary sediment of the Barreiras Group (Vieira & Santos, 1987) . Table 1 shows the results of soil bulk density (ρ) and volumetric water content: saturated (θ s ), submitted to matric potentials -10 (θ 10 ) and -1,500 kPa (θ 1500 ); Table 2 shows the main chemical characteristics of the soil in the study area.
In order to evaluate the influence of selective logging on soil water storage, the matric potential was measured directly in the field; simultaneously, the soil water content was estimated by soil water retention curves (Ferreira et al., 2002) , which made a calculation of the soil water storage possible. The field work was developed in two phases. The first began in December 1993 (3 months after selective logging) and lasted 15 months, until February 1995, investigating three control plots and three others, which were submitted to selective logging in 1993, with weekly measurements, in most cases. For the selectively logged plots, five treatment situations were investigated: control 93, centre of the gap (CG93), edge of gap (EG93), edge of the remaining forest (ERF93) and remaining forest (RF93). The second phase consisted of five periods with intensive field measurements throughout one year: the first one was carried out in February 1995 (wet period), 17 months after the 1993 selective logging; the second in May 1995 (late wet period); the third in July 1995 (dry period), the fourth in October 1995 (dry period); and the fifth in January 1996 (early wet period). In the last period, only block IV was investigated, comparing three plots: control, one plot managed in 1993, and one submitted to selective logging in 1987. The studied treatments were: control, 1993 centre of gap (CG93), 1987 centre of gap (CG87), and 1987 remaining forest (RF87).
Matric potential and soil water storage
The soil matric potential (ψ m ) was assessed in direct measurements, at depths of 10, 20, 40, and 60 cm by tensiometers, which assess the "retention forces" that act on soil water. In randomly chosen locations, in the middle of the plots (between 50 and 150 m of each control plot), three tensiometer arrays (with four tensiometers, one at each chosen depth) were installed. In the plot submitted to selective logging in 1987, two tensiometer arrays were installed in the middle of the gap and two more in the remaining forest. The matric potential (cm of water column) is expressed by the equation: In the plots submitted to selective logging, four tensiometer arrays were installed at the same depths as mentioned above, on four damage types caused by timber extraction: centre of gap, edge of gap, edge of remaining forest and remaining forest. In 1993, the tensiometers were installed in September and October, soon after logging. These tensiometers were equipped with a vacuum gauge (SOILMOISTURE EQUIPMENT CORP.), which indicates soil water tension in centibar.
The soil water storage (A L ) was calculated with soil moisture estimates, obtained from water retention curves (Ferreira et al., 2002) , and the results of matric potentials, for 70 cm deep soil layers. In the area of the present study, these authors observed high values of saturated moisture which corresponded to a porous space or porosity above 50 %, and verified moreover that the relative retained water content below the matric potential -1,500 kPa increased, varying between 0.31 and 0.40 cm 3 cm -3 .
The following calculation was used to determine the soil water storage: where A 1 = θ 1 .∆z 1 , A 2 = θ 2 .∆z 2 , A 3 = θ 3 .∆z 3 , A 4 = θ 4 .∆z 4 , and θ 1 , θ 2 , θ 3 , θ 4 are the volumetric units and ∆z 1 = 15 cm, ∆z 2 = 15 cm, ∆z 3 = 20 cm, and ∆z 4 = 20 cm the thickness of the depth increments.
In the two phases of the current study, statistical analyses were carried out throughout the treatments, using the Variance Analysis, followed by the Tukey Test, for differences in soil water storage. In the first one, the 15-month period was split into three distinct climatic periods: January to July/94 (wet period); July to November/94 (dry period); and December/94 to February/95 (dry-wet transition). In the second phase, the data obtained in the periods were grouped as follows: from February to May (wet period); from July to October (dry period); and from November to January (drywet transition).
RESULTS AND DISCUSSION

Soil water storage in logged plots
The soil water retention curves and the AW (available water) estimates sugested by Ferreira (1999) showed that the studied soil profiles have a very low water availability for the plants even though they presented porosities above 50 %. For soil profiles down to a depth of 70 cm, the maximum storage (saturated) reached 406 mm, whilst the potential of -10 kPa, corresponding to the so-called "field capacity storage", lay between 296 and 348 mm (Table 3 ). The result was very close to the average value of 254 mm, which corresponds to ove 60 % of the storage capacity, which is when the water cannot be taken up by plants, as it is retained in potentials from -1,500 kPa (corresponding to the "permanent wilting point").
The highest value of soil water storage, 393 mm, measured in the centre of the gap in block IV during the wet period, represented 94.8 % of the saturated value. The lowest value, 264 mm, was recorded in the control plots of the blocks II, IV and in the remaining forest of block IV during the driest period of the year, after one week with no rain. The value represented, respectively, 3 % (control plot in block II) and 5.6 % (control plot and remaining forest of block IV) of the water that the 70 cm deep profile can make available to the plants. Considering that the daily rate of evapotranspiration lies around 4 mm (Fisch et al., 1998) , the control plot of block II would have water available for plants for no more than 2 days, whilst the control plot and the remaining forest of block IV would have water available for 3 days. In the control plot of block I, the recorded value for storage was greater (273 mm) than in the other two blocks on the same day, representing a water availability for the plants for 4 days. In the gap centres, the lowest value found for the three blocks was 280 mm, which corresponds to 18.6 % of the saturation for the 70 cm deep profile, providing water to the plants for over 11 days. The low water storage capacity in forest soils has been reported earlier by Chauvel et al. (1992) , who estimated that the lack of rain for more than one week would deplete the available water supply to the plants in the upper 40 cm. However, Hodnett et al. (1995) observed that the forest takes up water from deeper layers and thus resists to longer dry periods. The use of plants with a shallow root system would therefore not be viable in a forest plantation, if there is no replenishment of water by irrigation, in case of absence of rains for more than one week.
The water storage patterns were similar in both the forest control and gap centres, throughout the first 15 months of continuous measurements (Figure 1) . However, the differences between storage values were higher in block II. The stored soil water was higher in the gaps produced by selective logging (between 290 and 393 mm) than in the control plots (between 264 and 340 mm). This indicates that the soil underneath the forest has less water available for plants than the soil under sites damaged by selective logging, the year round, as can be seen by the range of the water storage values found in blocks I and II (59 and 67 mm, respectively).
Except for the gap centre in block II with a difference of 72 mm between the lowest and highest value, the other classes, in all blocks, have differences, with a maximum value of 93 mm (centre of gap in block IV). Hodnett et al. (1996) , comparing deeper soils profiles (2 m) in forest and pasture areas near Manaus, found that maximum seasonal variation of the storage values in the soil were 154 mm for the forest and 132 mm for the pasture. This is an indication of a greater soil water uptake occurring in the forest, due to a greater plant root biomass.
Different processes of water flow, like infiltration, redistribution, evaporation and plant uptake influence soil water storage. The higher values in the gaps should be related to a greater input of rainwater in these locations (with less vegetation interception) and to a reduced uptake by the plant roots, which are very important processes in the water transfer from the system soil-plantatmosphere. Accordingly, selectively logged plots (like the centre of the gaps) could be expected to present higher water storage, due to a lower plant cover and, consequently, lower plant demand for water.
The grouping of water storage data (Table 4) into three climactic periods (wet period -January to June/94; dry period -July to November/94; and drywet transition -December/94 to February/95) has shown significant differences at 5 % level among the damage classes: control, centre of the gap (CG93), edge of gap with forest (BC93), edge of remaining forest with gap (ERF93) and remaining forest (RF93). The blocks also showed significant differences of soil water within each climatic period (Table 4) . Selective logging caused differences in soil water storage mainly in the gaps and at the edges of the gaps, where the storage values were higher than in the other treatments (Table 5) . During the wet period and the dry-wet transition, the difference between the means of the control and the gaps was 30 mm of water, while in the dry period the difference was 37 mm, indicating a trend of the soil under the forest to lose more water. The remaining forest showed no significant differences among the control plots, but its water storage was lower than in the gap centres and at the edges of the gaps, for all three climatic periods. In the measurements carried out just after the logging, that is, in the wet period, the means of the control and remaining forest treatments differed from the edge of the remaining forest, but this fact was not observed in the two following periods. This fact was ascribed to the faster vegetation growth on the edges of the remaining forest.
The average value of soil water storage for the three periods was 306 mm for the control plots and 339 mm for the gaps. If this difference in the data were to be extrapolated to a deforested area in Amazonia, it will be noticed that a part of this water, which reaches the soil surface, will not return to the atmosphere through the evapotranspiration process. This is one of the main concerns about climate in the Amazonia, since this decrease of water transfer from the forest to the atmosphere will also decrease the formation of clouds and rains in the region. If the Amazon forest were replaced by pasture, the reduction of the annual rain volume could reach 20 % (Nobre & Gash, 1997) . In the present study, gap soils resulting from selective logging, down to a depth of 70 cm, retained a water stock just above 10 % of the soil under the intact forest.
Comparison of ages of selective logging
The soil water storage measured during intensive field campaigns in 1995-96 (second phase) compared forest plots submitted to a similar timber extraction level at different times: 1.5-2.5 years before (late 1993) and 7.5-8.5 years before (1987) . The results also showed significant differences among the studied treatments (Table 6 ). In the wet period, the means of soil water storage for control, remaining forest, gap centre of 1987 and gap centre of 1993 were similar to the dry-wet transition. Significantly higher soil water storage values were only found in the more recent gaps (CG93) ( Table 7) . No significant differences were found between 7-8 yearold gaps (CG87) and the remaining forest of 1987 (RF87) or the control plot (Tables 6 and 7) . This is an indication that soil properties, including soil water storage capacity of the older centre of the gap, returns to a similar condition to that of the control treatment and the remaining forest, after a few years of moderate logging. The main reason for this must have been the intense growth of secondary vegetation in this older gaps, with a well developed canopy, which intercepts a considerable part of the rain water, together with a well-developed root system which absorbs part of the water available in the soil.
CONCLUSIONS
1. In the first year after selective logging, the soil water storage was higher in the more severely damaged classes (centre and edge of gaps) than in Means with the same letter in the columns indicate no difference among treatments at a 5 % probability level.
the control plots, in all three climatic periods (wet, dry and dry-wet transition). Thus, the 70 cm soil profile in the gap stored more water than the soil in the other treatments.
